Vernier and letter acuities are both susceptible to degradation by image motion. In a previous study, we showed that the worsening of Vernier acuity for stimuli moving up to 4°/s is accounted for primarily by a shift of visual sensitivity to mechanisms of lower spatial frequency. The purposes of this study were to extend the previous results for Vernier acuity to higher stimulus contrast and velocities, and to determine if a shift in spatial scale can similarly explain the degradation of letter acuity for moving stimuli. We measured Vernier discrimination for a pair of vertical abutting thin lines and letter resolution for a four-orientation letter 'T' as a function of stimulus velocity ranging from 0 to 12°/s. Stimuli were presented at 20 times the detection threshold, determined for each velocity. To determine the spatial-frequency mechanism that mediates each task at each velocity, we measured Vernier and letter acuities with low-pass filtered stimuli (cut-off spatial-frequency: 17.1 -1.67 c/deg) and analyzed the data using an equivalent blur analysis. Our results show that the empirically determined, equivalent intrinsic blur associated with both tasks increases as a function of stimulus velocity, suggesting corresponding increases in the size of optimally responding mechanisms. This progressive increase in mechanism size can account for the worsening of Vernier and letter acuities with velocity. Vernier discrimination is found to be more susceptible to degradation by various stimulus parameters than letter resolution, suggesting that different mechanisms are involved in the two tasks. We conclude that the elevations in Vernier and letter acuities for moving stimuli are the consequence of a shift of visual sensitivity toward mechanisms of lower spatial frequencies.
Introduction
Our ability to see the fine details of objects diminishes when the target of interest moves at a high speed (e.g. [1] ). Under optimal conditions of high stimulus contrast and luminance, spatial thresholds such as Vernier and resolution acuities are degraded only by image motion faster than 2 -3°/s (e.g. [1 -5] ). For lowcontrast targets, Vernier thresholds are degraded at even lower velocities [6] . However, despite the well-documented degradation of spatial thresholds by image motion, the effect is not well understood in terms of our knowledge of spatial and temporal vision.
In an earlier study, we used a masking paradigm to identify the band of spatial frequencies that is most crucial for mediating Vernier discrimination at various velocities [6] . The masking data implicated a shift in the spatial scale of analysis as the principal factor in accounting for the elevated Vernier thresholds for moving stimuli. The basis for a shift in the spatial scale of analysis derives from the spatio-temporal properties of the human visual system (e.g. [7] [8] [9] [10] [11] ). Specifically, low spatial-frequency mechanisms are more sensitive to moving stimuli than their high spatial-frequency counterparts. Thus, spatial thresholds measured for moving stimuli would be expected to be mediated primarily by low spatial-frequency mechanisms, which operate at larger spatial scales. Recent studies by Levi and his co-workers provide evidence to show that elevated Vernier thresholds in amblyopes and the normal periphery can be explained by a shift of the spatial scale toward lower spatial frequencies [12, 13] . As argued by Levi and his co-workers [12, 13] , a shift in spatial scale toward lower spatial frequencies causes an elevation in Vernier thresholds because the precision of spatial localization depends on the slope (the change in sensitiv-ity with position) of the spatial tuning function of the responding mechanism [14 -16] .
Recently, Morgan and Castet [17] proposed that thresholds for moving targets are subject to a temporalfrequency limitation. They measured stereoscopic thresholds using low-spatial frequency sine-wave gratings and found that these thresholds remain constant until the temporal frequency of motion exceeds a limit of [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Hz. The importance of temporal frequency as a factor that limits spatial thresholds for moving targets is supported by two other recent studies. Levi [18] demonstrated that Vernier thresholds for low-spatial frequency, sine-wave gratings are approximately constant until the motion exceeds a temporal frequency of 10 Hz. Previously, we showed that Vernier thresholds for mid-spatial frequency, band-pass filtered targets remain constant until the velocity of motion exceeds a temporal frequency of 25 Hz [19] . The results from all of these studies are consistent with the notion of a shift in spatial scale-that the sensitivity of the visual system shifts toward low spatial frequencies because high-spatial frequency components in the stimulus become 'invisible' when their motion exceeds a temporalfrequency limit.
Although there is general consensus that the shift in spatial scale of analysis is the major factor accounting for the elevation of spatial thresholds with moving stimuli, direct and supporting evidence for this hypothesis comes solely from one study [6] which examined Vernier discrimination only for stimulus velocities up to 4°/s and for stimuli that were of relatively low contrast. One purpose of this study was to provide additional evidence for the shift-in-spatial-scale hypothesis by extending the range of stimulus velocities and stimulus contrast to higher values. We also tested the hypothesis using a second spatial task, letter resolution (Experiment 2), in addition to Vernier discrimination (Experiment 1). To determine the spatial-frequency mechanisms that mediate these tasks at each velocity, we measured Vernier and letter acuities for stimuli with varying amounts of low-pass filtering and subjected the results to an equivalent blur analysis. The rationale for the low-pass filtering paradigm is that by progressively filtering out 'high' spatial-frequency components from the stimulus, we can determine the point at which the threshold for Vernier discrimination or letter resolution shifts from being limited by the intrinsic blur of the spatial-frequency mechanism that mediates the task to being limited by the extrinsic blur produced by low-pass filtering of the stimuli. Our prediction was that slowly moving stimuli would be more susceptible to the degrading effect of low-pass filtering, and that the corresponding threshold elevations would be proportional to the amount of high spatial-frequency information that is removed from the stimuli. On the other hand, because fast-moving stimuli are presumed to be analyzed primarily by low spatial-frequency mechanisms, thresholds for these stimuli were expected to survive a greater amount of low-pass filtering (i.e. a bigger loss of high spatial-frequency information) before being degraded.
General Methods

Visual display and experimental set-up
Stimuli for Vernier discrimination (Experiment 1) and letter resolution (Experiment 2) were presented on a Tektronix 608 oscilloscope. The oscilloscope was equipped with a P31 phosphor which has a peak luminance output at about 525 nm and a bandwidth between 75 and 125 nm. The luminance of an intensified spot diminishes to B 1% in about 250 ms, and decays more slowly thereafter. Voltage signals to the x-, y-and z-inputs of the oscilloscope were generated using a 12-bit Scientific Solutions DADIO board (Solon, OH), under the control of a 486 PC. The voltage signals were updated every 2.19 ms (frame rate= 456 Hz), as measured with a separate digitizing storage oscilloscope (Hewlett Packard 54200A). The timing of stimulus generation and synchronization of mirror movement (see below) was checked regularly during the course of data collection. Placed at a viewing distance of 3 m, both the horizontal and vertical dimensions of each dot ('pixel') on the oscilloscope were calculated to be 3.6 arc s, but the point-spread function of the dot was such that its full-width at half-height subtended 0.35 arc min, which is the dimension that we used as the width of the stimulus lines.
To reduce the effect of persistence that could result from the slow decay of phosphor after the initial 250 ms, the stimuli were superimposed on a uniform background of 50 cd/m 2 using a beam-splitter of 50% reflectance and transmittance. Uniform background luminance was provided by a diffusing plate, mounted on the exit port of an integrating chamber that was illuminated by incandescent light via a fiber optic (see Fig. 1 ). The beam-splitter was mounted between 7 and 8 cm in front of the observer's right (viewing) eye, with the galvanometer-mounted mirror used to produce stimulus motion closely behind. Consequently, the beam-splitter limited the size of the background field to about 32× 26°at the observer's eye. Testing was performed using the natural pupil and the non-viewing left eye was covered.
Stimulus motion was produced by the horizontal rotation of a front-surfaced mirror, mounted on a galvanometer (General Scanning G300). This galvanometer was driven by input signals from a programmable function generator (Hewlett Packard 3318A) controlled by a PET 4032 computer which was, in turn, synchronized with the main PC used for collecting data. We used an asymmetric (10% symmetry) triangular waveform of 2.5 Hz to drive the galvanometer-mounted mirror. During each trial and upon triggering by the PC, the function generator initiated a one-cycle deflection of the mirror, randomly in the rightward or leftward direction as pre-determined by the PET computer. Stimuli were presented for 150 ms during the middle portion of the long ramp segment of the triangular waveform, which spanned a total duration of 360 ms (see Fig. 1 ). Consequently, any transients associated with reversals in mirror direction did not disturb the quality of the image motion. In addition, the superimposed bright background masked any visible contours so that the observer perceived a smooth sweep of the stimulus across a stationary bright field. For each velocity that we examined (0, 1, 2, 4, 6, 8 and 12°/s), a voltage signal was produced by the function generator to deflect the mirror by an appropriate amplitude.
Testing procedures
We measured thresholds for Vernier discrimination and letter resolution without and with low-pass filtering to attenuate the 'high' spatial-frequency content within the stimulus. Because both Vernier and letter acuities are contrast dependent (e.g. [20] [21] [22] ), we presented the Vernier and letter stimuli at a constant visibility of 20 times above the detection threshold so that our results would not be contaminated by the reduced stimulus visibility resulting from image motion. This paradigm required us to measure the detection threshold for each testing condition before collecting data for the Vernier discrimination or letter resolution tasks. For heuristic reasons, the experiments on Vernier discrimination and letter resolution are presented in sequence in this paper, but for practical reasons, these two experiments were in fact, conducted in parallel.
Despite some subtle differences among the experiments on detection, Vernier discrimination and letter resolution, the general procedure for a test-trial was identical. The observer, with his/her head restrained by a head rest and chin cup, was directed to look straightahead at a bright stationary fixation target produced on the oscilloscope. When he/she was ready, the observer pressed the fire-button on a joystick to initiate a trial which immediately turned off the fixation target. After a latency of 250 ms, the stimulus was presented on the oscilloscope for 150 ms, a duration short enough to minimize pursuit eye movements. Following the offset of the stimulus and after the mirror ceased its deflection, the observer was required to indicate his/her response for the trial, by pushing the joystick in the appropriate direction. The stationary fixation target reappeared as soon as the observer made a response.
Low-pass filtering
We low-pass filtered the stimulus by placing a diffusive glass screen in front of the oscilloscope [23, 24] . This square glass screen was taller than the height of the oscilloscope screen and, therefore, did not truncate the stimulus presented on the oscilloscope. By increasing the screen-to-oscilloscope distance, progressively more 'high' spatial-frequency components were attenuated from the stimulus. In addition to attenuating high spatial-frequency components, the diffusive glass screen also reduced the maximum luminance of the stimulus. The resulting reduction in stimulus contrast was compensated by using stimuli that were normalized to the detection threshold. To calibrate the attenuation of spatial frequencies by the glass screen, we placed the glass screen at 0, 1, 3.5, 5 and 7.5 cm in front of the oscilloscope and measured the luminance profile of a line stimulus of a fixed contrast. We then Fourier transformed the spatial luminance profile into amplitudes for the various spatial-frequency components within the stimulus. Fig. 2 shows the modulation transfer of the diffusive screen for the five screen-to-oscilloscope distances. Each curve was fitted with an exponential function. We specified the cut-off spatialfrequency of these low-pass filtered images by the spatial frequency at which the amplitude drops to 1/e of the maximum value. Note that our definition of the cut-off spatial frequency, in fact, represents the bandwidth of the exponential low-pass filters [24, 25] . For the five screen-to-oscilloscope distances, the corresponding cut-off frequencies are 17. 
Fixation target
For the two lowest levels of low-pass filtering (cut-off spatial frequency= 17.1 and 8.2 c/deg) and the unfiltered control conditions, the fixation target was the outline of a 0.2× 0.2°square generated and centered on the oscilloscope. For testing with the higher levels of low-pass filtering (cut-off spatial frequency= 3.35, 2.78 and 1.67 c/deg), we used fine black tape (width ca. 2.2 arc min) to mark the outline of a 1.4 × 1.4°square on the diffusive glass-screen, and back-illuminated this black square with the outline of a square of similar size generated on the oscilloscope. Because of the diffusive properties of the glass-screen, light coming from the oscilloscope-generated square was spread out and thus acted as a source of retro-illumination. We used a large square on the diffusive glass screen to ensure that the black tape outlining the square would not interfere with the stimuli for detection, Vernier discrimination or letter resolution. For both fixation targets, we asked our observers to fixate at the center of the square and make sure that the outline was clear and sharp before initiating a trial.
Detection
Detection thresholds were measured prior to those for Vernier discrimination and letter resolution, using a staircase procedure with a two-alternative temporal forced-choice paradigm. The staircase tracked the 75% observed correct probability on the psychometric function (equivalent to 50% correct probability, after correction for guessing). This is a 2.41 down − 1 up staircase, i.e. after two consecutive correct responses, there is on average a 41% chance that a third trial will be presented on which the observer must respond correctly before the contrast of the line decreases. Five reversals were determined for each staircase and the average value for the last four reversals represents the detection threshold for that block of trials. The stimulus for the detection task was a single line of width 0.35 arc min and length 0.85°, identical to one of the pair of lines that made up the Vernier stimulus. We also normalized the T stimuli for letter resolution to the detection threshold obtained with this single line, because presumably, the Ts could be detected as soon as one of the lines is detected. For the smallest size of T used, the length of each line making up the letter was still longer than the Ricco's diameter for detecting moving objects [26] , thus justifying our use of a detection stimulus that is longer than the line-lengths of the T stimuli. The contrast of the line was changed by varying the z-input to the oscilloscope, calibrated using a Pritchard Spectra-Photometer (model 1980B, Burbank, CA) with a microscanner attachment.
The starting z-value of the line stimulus was randomly selected from a set of ten possible values, all of which were above the detection threshold. On each trial, the line stimulus was presented in one of two 150-ms temporal intervals, each denoted by an audiotone. The observer's task was to indicate in which interval the stimulus was presented by pushing a joystick in one of two directions. No feedback was provided for the detection task.
Obser6ers
Three observers, one of the authors and two observers unaware of the purpose of the study, participated in the experiments. Observers SC and TN are myopic and wore appropriate refractive correction during testing; observer KN is emmetropic. All have (corrected) vision of 20/20 or better. Observers SC and KN had prior experience in other psychophysical experiments while TN had no prior experience. Regardless of experience, all observers received extensive training with the psychophysical tasks involved and with viewing the moving stimuli. Data reported in this paper were collected only after the observers demonstrated stable thresholds for each task. Each observer voluntarily granted written informed consent after the procedures of the experiments were explained, and before the commencement of the practice sessions.
Data analyses and cur6e-fitting
Each datum reported in this paper represents the value averaged across four to six blocks of trials, weighted by the inverse variance of each threshold estimate [27] . Curve fitting, when necessary, was accomplished using Igor Pro™, which utilizes a LevenbergMarquardt iterative algorithm to minimize the error between the experimental data and the model fit. Except where specified, the experimental data were weighted by the inverse of the standard error of each average threshold estimate during curve-fitting.
Experiment 1: Vernier discrimination
Methods
Vernier thresholds were measured for a pair of abutting vertical thin lines as a function of stimulus velocity ranging between 0 (stationary) and 12°/s, without and with one of the five levels of low-pass filtering. The dimensions of the abutting lines were 0.35 arc min by 0.85°. This line-length was long enough to attain optimal Vernier acuity even for the highest velocity that we examined, as determined from a pilot experiment. Vernier offset was introduced by horizontally shifting the upper test line relative to the lower reference line. We presented the stimulus using the method of constant stimuli where, within each block of 70 trials, the upper test line was presented at one of seven offset positions: 1, 2 or 3 units to the right or left of the lower reference line, or aligned with it. The order of presentation was randomized. The task of the observer was to discriminate the relative position of the upper line with respect to the lower one, by pushing a joystick toward the right or left. Audio feedback indicated whether or not the observer's response to the previous trial was correct. Responses to the 'right' were tallied for each block of trials. We analyzed the data using probit analysis where Vernier threshold was defined as the range of offsets corresponding to a change from 50 to 84% rightward responses on the psychometric function, equivalent to 1 S.D. of the cumulative Gaussian distribution of the responses.
Results
Vernier thresholds obtained for the five levels of low-pass filtering, and the unfiltered control condition, are plotted as a function of stimulus velocity in Fig. 3 . For the unfiltered control condition (smallest unfilled symbols in each panel), Vernier threshold worsens with image motion, even though the stimuli were equally visible. This result is similar to and extends that of our earlier study [6] , in which we showed that Vernier thresholds for broad-band stimuli that are three or four times the detection threshold increase monotonically from 0 to 6°/s. Here, we demonstrate that this effect applies to stimuli that are more visible (20 times the detection threshold) and move faster (up to 12°/s). In addition, because of the higher visibility of the stimuli used in the present study, our data show the wellknown robustness of Vernier thresholds to low velocities of motion [1, 28] . Specifically, image motion was tolerated without degradation of the Vernier threshold up to 1°/s for observer SC and 2°/s for observer KN. Observer TN did not show a tolerance to image motion for the unfiltered control condition. We attribute the differential tolerance of Vernier thresholds to slow im- Fig. 3 . Vernier threshold (arc s) is plotted as a function of velocity (°/s), without (smallest unfilled symbols in each panel) and with (larger filled and unfilled symbols) low-pass filtering. The size of the symbols codes the amount of high spatial-frequency attenuation (see legend in the top panel, which applies also to the other panels except for the shape of the symbols). Each panel gives the data for one observer. Note that Vernier threshold shows a higher tolerance to stimulus velocity when the stimuli are low-pass filtered. Error bars represent91 S.E.M., and are smaller than the size of the symbol when not shown.
1.58 with the highest level of low-pass filtering (cut-off spatial frequency = 1.67 c/deg). In other words, Vernier threshold shows a higher tolerance to image motion when the high spatial-frequency components of the stimulus are attenuated. Fig. 3 shows that Vernier thresholds remain more or less constant for velocities up to about 6°/s with the highest level of filtering, compared to only 1 or 2°/s for the unfiltered control condition.
To examine more closely the effect of spatial-frequency content of the stimulus on Vernier thresholds, we replotted the data in Fig. 3 as a function of the spatial period of the cut-off spatial frequency of the different low-pass filters, for the seven stimulus velocities that we tested (Fig. 4) . For comparison, thresholds obtained with the unfiltered control condition are shown in Fig. 4 as the isolated symbols plotted close to the ordinate.
We fitted the data-set for each stimulus velocity in Fig. 4 with the following equation (velocity coded by the size of symbols):
where Th unfiltered represents the optimal unfiltered Vernier threshold at the specific stimulus velocity, and b i represents an estimate of the 'equivalent intrinsic blur' present in the visual system. This equation is similar to that used by previous researchers to analyze the amount of intrinsic noise or blur in the visual system (e.g. [29] [30] [31] [32] [33] [34] ). In these previous studies, the rationale for fitting this equation was that the visual system itself possesses a certain level of intrinsic noise or blur, which limits visual performance until exceeded by externally imposed noise or blur. Hence, the magnitude of the extrinsic noise at which visual performance starts to be degraded can be taken as an estimate of the intrinsic noise of the visual system. Following the argument by Levi and Klein [33] that intrinsic blur may result from the optics of the eye as well as the discrete sampling by the photoreceptors, we will use their term, 'equivalent intrinsic blur', to represent the intrinsic factor that limits visual performance. Note that the term equivalent intrinsic blur is applicable to any source of blur that is additive to the extrinsic blur imposed upon the stimulus (D.M. Levi, personal communication). With respect to our experiment, the change in the equivalent intrinsic blur can be a consequence of either a change in the retinal area that is stimulated by the motion smear, or a shift in sensitivity of the visual system toward lower (thus, larger in spatial scale) spatial-frequency mechanisms. Based on our previous finding [6] , we assume for now that the change in the equivalent intrinsic blur is due primarily age motion to the idiosyncrasies of the individual observers.
With low-pass filtering, Vernier thresholds generally worsen as the cut-off frequency of the filter is reduced. However, this effect is velocity-dependent, as seen from the more prominent degradation of Vernier thresholds by low-pass spatial filtering at low than at high stimulus velocities. For an increase in stimulus velocity from 0 to 12°/s, Vernier threshold increases by an average factor of 4.67 without filtering, compared to a factor of only to a shift in the spatial scale in analysis. This issue will be further addressed in Section 6.
Based upon the logic presented above, we conducted an equivalent blur analysis to determine if the equivalent intrinsic blur of the visual system increases when analyzing moving stimuli. Previous researchers suggested that the intrinsic 'blur' of a spatial-frequency mechanism is proportional to its size [14, 15] ; here, we further assumed that we can represent the intrinsic blur of a spatial-frequency mechanism by its spatial size. Curve-fitting was performed on data obtained with low-pass filtered stimuli, with the optimal threshold constrained to the value measured for the unfiltered condition at each velocity. For each velocity, the estimated equivalent intrinsic blur (b i ) obtained from the best-fit equation is displayed just above the abscissa in each panel of Fig. 4 and summarized in Table 1 . The progressive increase in symbol size rightward on the abscissa indicates that the estimated equivalent intrinsic blur increases with stimulus velocity (repeated measures ANOVA: F (df = 6,20) = 35.6, PB 0.0001).
Discussion
Vernier thresholds are elevated but are more tolerant of image motion when the stimuli are low-pass filtered. That is, the stimulus velocity at which Vernier thresholds start to increase is higher when the stimulus is restricted to low spatial-frequency components, and lower when the stimulus contains more high spatial-frequency components. These results can be understood in terms of the spatial-frequency content of the stimulus in the presence of image motion or low-pass spatial-filtering. When a stimulus moves, the mechanism that mediates the task is hypothesized to shift toward lower spatial frequencies [6] . For an unfiltered stimulus that possesses high spatial-frequency components, this shift in spatial scale will cause an elevation in Vernier threshold, which is proportional to the shift in spatialscale ( [6] , also see below). In contrast, a low-pass filtered stimulus lacks high spatial-frequency components; thus, a shift in spatial-scale will not occur until the stimulus velocity is high enough to require an even-lower frequency mechanism to mediate the task.
Our results confirm that 'high' spatial frequencies are important in mediating optimal Vernier discrimination. At 0 and 1°/s, our estimates of the equivalent intrinsic blur suggest that a spatial-frequency mechanism with a spatial period of about 6-6.6 arc min (corresponding to spatial frequencies of about 10-9.1 c/deg) are most important in mediating Vernier discrimination. At 12°/ s, our analysis implies that a spatial-frequency mechanism with a spatial period of about 19 arc min (spatial frequency= 3.1 c/deg) mediates Vernier thresholds. Note that the crucial spatial frequency for stationary stimuli as estimated using the equivalent blur analysis is very similar to that obtained using a masking paradigm [6, 35] . The progressive increase in the equivalent intrinsic blur when velocity increases from 0 to 12°/s suggests that the size of the spatial-frequency mechanism underlying Vernier discrimination increases with stimulus velocity.
To quantitatively relate Vernier thresholds to the size of the spatial-frequency mechanisms that are inferred to mediate the task, we plotted unfiltered Vernier thresholds obtained at different velocities as a function of the size of the spatial-frequency mechanism as estimated from the equivalent blur analysis (Fig. 5) . The straight line drawn through the data on log -log coordinates is the best-fit power function fitted to the data without weighting. If the change in the size of the spatial-frequency mechanism as estimated from the equivalent blur analysis perfectly predicts the change in Vernier thresholds, then this line should have a slope (i.e. exponent of the power function) of one. The slope of the fitted line is 1.189 0.12 which, statistically, is not significantly different from a slope of one (F (df = 1,19) = 2.32, P= 0.14).
The data in Fig. 5 suggest that the equivalent intrinsic blur of the visual system at each velocity can predict the optimal Vernier threshold that can be attained. However, there is at least one aspect of our data that is quantitatively at odds with the results of our previous study using a masking paradigm [6] . Similar relationships between Vernier threshold and the size of the spatial-frequency mechanism mediating the task at different velocities yielded a slope between 0.75 and 0.80 in our previous study, which is lower than the slope that we obtained from the present experiment. One reason that could account for this difference in slope is that we examined a three-times greater range of velocity than in our earlier study, which should have provided a better representation of the relationship between Vernier threshold and size of spatial-frequency mechanism. Another factor that could account for the difference in slope is that we used higher stimulus contrast in the present experiment (20 times the detection threshold, in comparison to three or four times in our earlier study). As we argued in our earlier paper, even though we equated the broad-band Vernier stimulus for visibility, we were probably equating visibility for the lower spatial-frequency mechanisms that mediate target detection, instead of the higher spatial-frequency mechanisms that mediate Vernier discrimination [6] . Therefore, effectively, the contrast for the mechanisms that mediated Vernier discrimination was lower than the nominal value. We reasoned in this previous study that if the visibility had been equated for the mechanisms that mediated the Vernier task, then a slope closer to one would be obtained. The present experiment used stimuli that were 20 times above the detection threshold, so that the contrast-response of both low and high spatial-frequency mechanisms may have saturated or come close to saturating. Consequently, any discrepancy between the spatial-frequency mechanisms used for detection and Vernier discrimination should be small.
Experiment 2: Letter resolution
The results of Experiment 1, together with those from our earlier study [6] , demonstrate that a shift in the spatial scale of analysis can explain the threshold Fig. 5 . Unfiltered Vernier threshold (datum points plotted close to the ordinate in Fig. 4 ) is plotted as a function of the estimated equivalent intrinsic blur (datum points presented close to the abscissa in Fig. 4) . Here, we assume that the equivalent intrinsic blur is identical to the period of the spatial-frequency mechanism mediating the task. Data from the different observers are represented by different symbol shapes. The straight line is the best-fit power function fitted through the data without weighting. Vertical error bars represent 91 S.E.M. of Vernier thresholds and horizontal error bars represent91 S.E. of estimate of the equivalent intrinsic blur. elevation for moving Vernier stimuli. In this experiment, we asked if the same reasoning applies to another spatial task-letter resolution.
At least three major differences exist between the tasks of letter resolution and Vernier discrimination. Letter resolution is believed to be more reflective of the highest spatial-frequency mechanism that exists in the visual system than the Vernier task [36, 37] . For Snellen letters, it has long been assumed that standard visual acuity is attained if the detail of a letter, subtending 1 arc min, is resolvable [38, 39] . This minimum angle of resolution (MAR) when translated into spatial frequency, corresponds to 30 c/deg 1 . For Vernier discrimination, the crucial spatial-frequency mechanisms are believed to fall within 10 -15 c/deg for stationary stimuli ( [6, 35, 42] , also see results above). In other words, letter resolution may be a more appropriate task to reveal the highest spatial-frequency mechanism that is present within the visual system. Nevertheless, thresholds for letter resolution (MAR) are usually around 0.5 to 1 arc min, which is about four to six times worse than those for Vernier discrimination under optimal conditions. Finally, retinal eccentricity produces differential effects on letter and Vernier acuities, suggesting that the two tasks may be limited by different mechanisms in the visual system. Specifically, the retinal eccentricities at which threshold doubles in value (E 2 factor) are about 1.5 and 0.9°for letter and Vernier acuities, respectively [12,21,43 -46] . However, note that except for the study of Virsu et al. [44] , these E 2 values were obtained from and compared across different groups of observers.
In view of the possibly different mechanisms underlying letter resolution and Vernier discrimination, image motion may differentially degrade these two tasks. Hence, the aim of this experiment was to determine if a shift in spatial scale can similarly explain why letter acuity is degraded in the presence of image motion.
Methods
We measured letter acuity using a letter 'T', without and with one of the five levels of low-pass filtering produced by the diffusive ground-glass screen, as in Experiment 1. Each stimulus T was made up of two thin lines of identical length [47] . We used these thinline Ts instead of ones that conform to the conventional Snellen notation (details of the letter equal to one-fifth of the whole letter size) for two practical reasons. First, the lines comprising the thin-line T stimulus are directly comparable to the stimuli used in the detection and Vernier tasks. Second, a Snellen T takes a significantly longer time to generate on the oscilloscope, which results in too low of a 'frame rate' for stimuli presented in motion. During each trial, the letter T was presented in one of four orientations: up, down, right or left. We presented the stimulus using the method of constant stimuli where, within each block of 96 trials, six different sizes of Ts, in approximately 0.1 log unit steps, were each presented 16 times, four in each orientation. The order of presentation of each letter size and orientation was randomized. The task of the observer was to discriminate the orientation of the Ts by pushing the joystick in the corresponding direction. Audio feedback indicated whether or not the observer's response to the previous trial was correct. The observer's correct responses for each letter size and orientation for each block of trials were tallied. We analyzed the data using probit analysis where the threshold for letter resolution was defined as the letter size that gives 62.5% correct on the psychometric function (equivalent to 50% correct recognition, after correction for guessing using a four-alternative forced-choice paradigm).
Because our letter T stimuli did not conform to the conventional Snellen configuration (stroke width=1/5 letter size), we compared acuities obtained using the line Ts and standard Landolt C stimuli in two observers. High-contrast Landolt C stimuli (stroke width=1/ 5 letter size) were projected from slides onto a white matte screen at 4.1 m as white letters on a dark background. The Cs were viewed after reflection from the galvanometer-mounted mirror, and superimposed on the same background as used in the main experiment. A shutter was placed in front of the projector which, when triggered by the computer, limited the presentation time to 150 ms. Acuities for Landolt Cs were measured at the seven velocities used in the main experiment.
Results
Fig. 6 compares acuities obtained for unfiltered Ts
and Landolt Cs for two observers (top and middle panels). The logMAR value plotted on the ordinate refers to the resolution for Landolt Cs, in which the detail is equivalent to one-fifth of the whole letter size. For comparison, we only used one-fifth of the whole letter size of Ts as the resolution acuity in this figure.
As shown in Fig. 6 , although T acuity is better than that for Landolt Cs by a factor of 2.5-3, letter acuity obtained for the two types of stimuli worsens with image motion in a similar way, as shown by the more or less parallel curves for each observer. Averaged 1 Recently, Bondarko and Danilova [40] proposed that the resolution of foveal Landolt Cs is determined by the detection of spatial frequencies corresponding to only 1.3, rather than 2.5 cycles/letter. However, because the visual acuity of well-corrected normal observers is typically on the order of 20/15 to 20/17 [41] , the spatial frequency corresponding to 1.3 cycles/letter still falls in the range of 18-21 c/deg. [1, 3, 4, 48] . Note that, like her Vernier acuity, observer TN had noticeably worse acuity for a stimulus moving at 1°/s than for a stationary stimulus. With increasing levels of low-pass spatial filtering, letter acuities are less affected by image motion, as represented by a larger range of velocity over which acuities remain more or less constant. Specifically, with an increase in stimulus velocity from 0 to 12°/s, letter acuity worsens by an average factor of 2.43 without filtering, and only 1.12 when the stimuli were subjected to the highest level of low-pass filtering (cut-off spatial frequency= 1.67 c/deg). The increased tolerance of letter acuity to motion in the presence of extrinsic blur, Fig. 7 . Letter acuity (arc min), represented as the whole letter size of the Ts, is plotted as a function of stimulus velocity, without (smallest unfilled symbols in each panel) and with (larger filled and unfilled symbols) low-pass filtering. Details of the figure are as in Fig. 3. across the two observers (Fig. 6: bottom panel) , the difference between T-and C-acuity is similar for stimulus velocities between 0 and 8°/s, but increases by about 0.1 log units for a stimulus velocity of 12°/s. We conclude that the results obtained with the T stimuli can be generalized to other letter resolution tasks as well.
Letter resolution thresholds, measured for the five levels of low-pass filtering, together with the unfiltered control condition, are plotted as a function of velocity in Fig. 7 . In Fig. 7 and in the remainder of the paper, letter acuities are expressed in terms of the whole letter size of the T stimuli. As expected, letter acuities worsen with image motion and, like the results obtained for Vernier targets in Experiment 1, this effect depends on the level of low-pass filtering. In other words, the deleterious effect of image motion on letter resolution depends on the spatial-frequency content of the stimu- blur for letter resolution shifts toward higher values for moving stimuli, implying that mechanisms having more equivalent intrinsic blur underlie letter resolution at higher stimulus velocities. The amount of equivalent intrinsic blur estimated for the three observers, as a function of velocity, are shown in Fig. 8 and are tabulated in Table 1 . Repeated measures ANOVA confirms that the intrinsic blur of the visual system increases with stimulus velocity (F (df = 6,20) = 80.6, PB 0.0001).
Discussion
As found for Vernier acuity, and in general agreement with previous studies [49, 50] , letter acuity can withstand a higher stimulus velocity in the presence of extrinsic blur before it is degraded by image motion. The highest velocity that letter acuity can tolerate without any degradation is about 2°/s for a 'blur-free' stimulus, which is in good agreement with that reported by Brown [3] and Westheimer and McKee [1] . With the highest level of low-pass filtering that we used (cut-off frequency= 1.67 c/deg), acuities could survive image motion of up to at least 8°/s. The increased tolerance to image motion when acuity is already degraded is analogous to the increased tolerance to optical blur in patients who have impaired vision [51] .
The progressive increase in the intrinsic blur of the spatial-frequency mechanism used to analyze moving letters suggests that the size of the spatial-frequency mechanism underlying the letter-acuity task increases with stimulus velocity. To quantify the relationship between letter acuity and the size of the spatial-frequency mechanism used, we again fit a power function relating letter acuity to the estimated intrinsic blur at each velocity. These data are plotted in Fig. 9 , where the line represents the power function fitted to the datum points without weighting. The slope of this line is 0.98, which clearly does not differ from a slope of one (F (df = 1,19) = 0.075, P= 0.79).
Control experiment: Effect of retinal eccentricity
Although it is accepted that the elevation in spatial thresholds for moving stimuli is due primarily to the image motion per se, and not the fact that stimuli are presented at extrafoveal locations, direct and quantitative comparisons are scarce. Ludvigh [2] compared acuity measurements obtained with circular image motion to data from another study that examined visual acuity as a function of eccentric retinal position [52] . However, the measurements being compared were not made on the same observers nor were they obtained under identical testing conditions. Morgan et al. [5] directly compared Vernier thresholds for stimuli that and the magnitude of change of acuity with velocity for physically unblurred stimuli, are consistent with the findings of an earlier study [49] , despite major methodological differences in the parameters of image motion.
To determine whether a shift in spatial scale can explain the threshold elevation in letter acuity with moving stimuli, we conducted an equivalent blur analysis on our letter-acuity data. In Fig. 8 , letter acuity is plotted as a function of the spatial period of the cut-off frequency for each of the five low-pass filters, as for Vernier acuity in Fig. 4 . Curve fitting using Eq. (1), as described above for Experiment 1, was carried out on the data-set for each stimulus velocity, again, with the optimal acuity constrained to the value obtained without filtering. Similar to the results obtained with Vernier thresholds, the estimated equivalent intrinsic Fig. 9 . Letter acuity obtained without low-pass filtering (datum points plotted close to the ordinate in Fig. 8 ) is plotted as a function of the estimated equivalent intrinsic blur (datum points presented close to the abscissa in Fig. 8) . Details of the figure are as in Fig. 5 . The straight line represents the best-fit power function fitted to the data without weighting. by probability summation across multiple glimpses of the stimuli. Hence, the purpose of this control experiment was to quantify the relative contribution of eccentricity in elevating the threshold for moving stimuli, for both Vernier discrimination and letter resolution.
Methods
We compared thresholds for Vernier discrimination and letter resolution for stimulus velocities of 6 and 12°/s to thresholds measured with stationary stimuli placed at retinal locations that correspond to the endpoints of these motion trajectories. For a stimulus duration of 150 ms, these end-points correspond to 0.45 and 0.9°, for stimulus velocities of 6 and 12°/s, respectively. Data were collected using identical stimulus configurations and psychophysical procedures as those described in Experiments 1 and 2, with the exception that the moving stimulus was replaced by a stationary one presented randomly to the right or left of the location previously occupied by the center of the fixation target. Unfiltered stimuli were used in this control experiment. The visibility of each stimulus was set to be 20 times above the detection threshold, as in the main experiments.
Results
Thresholds obtained with stationary stimuli placed at 0.45 and 0.9°from the fovea were normalized to each observer's threshold obtained for the foveally presented, stationary stimuli. The normalized thresholds moved at 3°/s for repetitive brief exposures (eachB 250 ms) to thresholds obtained with stationary stimuli exposed for 250 ms at the eccentric retinal location corresponding to the end-point of the motion trajectory for each moving-stimulus exposure duration. Their data convincingly show that the elevation of Vernier threshold attributable to retinal eccentricity could not fully explain the degradation arising from retinal image motion. However, because they presented their moving stimuli repetitively until the observer responded, the thresholds that they obtained may have been influenced are presented as a function of retinal eccentricity (filled symbols) in Fig. 10 , for both Vernier discrimination (left) and letter resolution (right). For comparison, we also included normalized thresholds obtained for stimuli moving at 6 and 12°/s (unfilled symbols). Clearly, thresholds obtained with extrafoveally presented stationary stimuli are better than those obtained with moving stimuli. From these data, the estimated E 2 factor for Vernier discrimination is approximately 0.9°; while the extrapolated E 2 value for letter resolution is about 2.2°. The E 2 value for Vernier discrimination is in good agreement with those reported in the literature (e.g. [12, 43, 45, 46] ), but that for letter resolution is higher than most reported values ( $1.5 for letter resolution [21] ). This difference in the E 2 values for letter resolution may be a consequence of extrapolating from only three datum points, all of which are obtained at relatively small eccentricities.
Discussion
By comparing thresholds for moving 6ersus stationary stimuli placed at an eccentricity corresponding to the end-point of the motion trajectory, we demonstrated that although retinal eccentricity has a degrading effect on Vernier and letter acuities, the effect is small compared to the overall effect of image motion. Note that our use of eccentricities corresponding to the end-points of the motion trajectory probably overestimates the real contribution of eccentricity, which might be better approximated as half of the maximum eccentricity of the trajectory. In other words, the actual magnitude of effect attributable to eccentricity may be even smaller than that presented in Fig. 10 . Another conclusion that can be drawn from the data in Fig. 10 is that both eccentricity and image motion have different effects on Vernier discrimination and letter resolution. Specifically, Vernier discrimination is more susceptible to degradation by both the eccentric positioning of the stimulus and image motion, compared to letter resolution. Considering that both eccentricity and image motion call for a shift in the spatial scale in analyzing the stimulus, the similarity in the differential degrading effect of these two effects on Vernier and letter acuities is not surprising.
General discussion
Intrinsic 6ersus extrinsic blur
In this study, we utilized equivalent blur analysis as a tool to infer whether a shift in spatial scale occurs when the visual system analyzes moving stimuli. Results from Experiments 1 and 2 both demonstrate that the estimated equivalent intrinsic blur increases in parallel with the stimulus velocity, at least for velocities ranging between 0 and 12°/s. We infer from these findings that progressively larger (and thus lower) spatial-frequency mechanisms are used when the stimulus velocity increases from 0 to 12°/s. However, is this inference valid? We previously showed that identical Landolt C acuity was obtained for image motion up to 16°/s, as long as the extent of retinal stimulation by motion smear was equated within the temporal integration period for complete summation. This finding suggests that the increase in the equivalent intrinsic blur may be related to the extent of motion smear, rather than velocity per se. If this argument is correct, then the two sources of blur that entered into our equivalent blur analyses would be the extrinsic blur provided by the low-pass filtering of the stimulus, and the blur produced by the extent of the motion smear on the retina. Table 1 shows that the equivalent intrinsic blur estimates, averaged across the three observers, increase by a factor of about 3.18 for Vernier discrimination, compared to a factor of only 2.23 for letter resolution, as stimulus velocity increased from 0 to 12°/s. This differential change in the equivalent intrinsic blur for the two tasks suggests that the extent of motion smear does not, by itself, account for the change in the equivalent intrinsic blur with stimulus velocity. Instead, we conclude that the retinal extent of stimulation is the trigger for a shift in spatial scale, and that performance depends ultimately upon the spatio-temporal frequency characteristics of the mechanisms used to perform a specific task.
Spatio-temporal limitations
Substantial psychophysical and neurophysiological data support the idea that pattern vision in the human and primate visual systems is analyzed by 'channels', i.e. parallel pathways that are most sensitive to certain spatial-frequency bands within a stimulus and thus respond optimally to them (e.g. [7, 42, [53] [54] [55] [56] [57] [58] ). The sensitivity of these channels has been shown to depend on both the spatial and temporal frequencies of the stimulus [7, 59] . For stationary targets, Vernier thresholds have been shown to be determined by the slope of the spatial tuning function of the operating mechanism, i.e. the change in sensitivity of the mechanism with position. Consequently, as long as the same amount of stimulus energy is available, a low frequency mechanism with a flatter slope will yield a lower sensitivity (thus a higher threshold) than a high-frequency mechanism with a steeper slope [12] [13] [14] [15] [16] .
Considering that these spatio-temporal frequency mechanisms are contrast-dependent, such that better responses are obtained with higher stimulus contrast, spatial thresholds may indeed be governed by the spatial contrast gradient of the optimally responding mech-anism. We define the spatial contrast gradient as the product of the slope of the operating spatial mechanism and the available stimulus contrast energy. If this argument is correct, then a high spatial-frequency stimulus of low contrast should yield the same threshold as a low spatial-frequency stimulus of high contrast, because of identical spatial contrast gradients. This trade-off between stimulus spatial frequency and contrast stands only if (i) sensitivity to the task increases directly and proportionally with the stimulus contrast; and (ii) task performance is proportional to the size of the operating spatial mechanism. Vernier acuity for stationary abutting targets is highly contrast dependent (e.g. [6, 22, 46] ) and can be predicted from the size of the operating spatial-frequency mechanism ( [6] , see also Fig. 5 ). For comparison, thresholds for moving Vernier targets also improve with contrast, at least up to several times the detection threshold [6, 18] , suggesting a contrast dependence similar to that for stationary targets.
We propose that the limiting factors for analyzing moving targets-spatial frequency, temporal frequency and contrast, are all tied to, and represent different facets of the spatio-temporal response properties of the visual system. Consequently, over a wide range, acuity for abutting Vernier targets depends on the spatial contrast gradient. Although letter acuity also depends on the size of the operating spatial-frequency mechanism (Fig. 9) , it is less contrast dependent than Vernier acuity [20, 21, 60, 61] . Thus, letter resolution does not vary proportionally with the spatial contrast gradient. This differential contrast dependence for Vernier and letter acuities suggests that spatial thresholds for moving targets do not depend solely on the spatio-temporal frequency and contrast of the stimuli. Rather, these thresholds depend upon the combination of the spatiotemporal energy available in the stimulus and the response properties of the responding neural mechanisms.
Vernier discrimination 6ersus letter resolution
As summarized in the Introduction to Experiment 2, evidence exists to suggest that the underlying mechanisms for Vernier discrimination and letter resolution may be different. A comparison of our data for the two tasks, obtained from the same observers, confirms that indeed, visual performance is affected differently by stimulus velocity, extrinsic blur, and retinal eccentricity. With an increase in stimulus velocity from 0 to 12°/s, Vernier thresholds for unfiltered stimuli increase by a factor of 4.67 while those for letter resolution increase by only a factor of 2.43. For stimuli with the maximum amount of low-pass filtering, these changes in threshold diminish to factors of 1.58 and 1.12 for Vernier discrimination and letter resolution, respectively. And, for stationary stimuli, the E 2 factors as estimated from our control experiment are about 0.9 and 2.2°for Vernier discrimination and letter resolution, respectively. One possible way to interpret these results is that Vernier discrimination is mediated by higher spatial frequency mechanisms, which are more susceptible to the degradation produced by motion, blur and eccentricity, than letter resolution. However, our equivalent blur analysis is not consistent with this interpretation. As shown in Fig. 11 , the estimated equivalent intrinsic blur is consistently lower for letter resolution at all velocities, implying that lower spatial-frequency mechanisms underlie Vernier discrimination. The difference between the estimated equivalent intrinsic blur for Vernier discrimination and letter resolution has another potential consequence. Because temporal frequency is a product of spatial frequency and velocity, the data in Fig. 11 imply that letter resolution can also tolerate higher temporal frequencies than Vernier discrimination. This implication was confirmed in a separate study [62] .
What then, accounts for the basic differences between the two tasks? As noted above, it is widely held that abutting Vernier discrimination is mediated by the contrast responses of cortical spatial-filter mechanisms. Although these mechanisms are presumably involved also in processing letter targets, the results summarized in this and the previous section indicate that letter resolution may be limited by a different aspect of the responses of the filter-mechanisms or at a different stage of visual processing. Further experiments to identify the mechanisms that determine letter resolution are necessary in order to understand the differences that exist between Vernier discrimination and letter resolution.
